SUMMARY
Multiple sclerosis is an inflammatory, demyelinating and neurodegenerative disease of the central nervous system. In most patients, the disease initiates with an episode of neurological disturbance referred to as clinically isolated syndrome, but not all patients with this syndrome develop multiple sclerosis over time, and currently, there is no clinical test that can conclusively establish whether a patient with a clinically isolated syndrome will eventually develop clinically defined multiple sclerosis. Here, we took advantage of the capabilities of targeted mass spectrometry to establish a diagnostic molecular classifier with high sensitivity and specificity able to differentiate between clinically isolated syndrome patients with a high and a low risk of developing multiple sclerosis. Based on the combination of abundances of proteins chitinase 3-like 1 and ala-ß-his-dipeptidase in cerebrospinal fluid we built a statistical model able to assign to each patient a precise probability of conversion to clinically defined multiple sclerosis.
Our results are of special relevance for patients affected by multiple sclerosis as early treatment can prevent brain damage and slow down the disease progression.
INTRODUCTION
Multiple sclerosis is an inflammatory, demyelinating and neurodegenerative disease of the central nervous system, and although the etiology of the disease is not fully understood, it is probably caused by the interaction of a complex genetic architecture and environmental factors. Multiple sclerosis affects over 2 million people worldwide and it is typically diagnosed between ages 20 and 40, thus making a significant impact on public health and its economy 1 .
In most patients, the disease initiates with an episode of neurological disturbance referred to as clinically isolated syndrome. However, not all patients with this syndrome develop multiple sclerosis over time 2 , and currently, the magnetic resonance imaging (MRI) abnormalities and the presence of IgG oligoclonal bands in cerebrospinal fluid (CSF) are used as predictors for later conversion to clinically definite multiple sclerosis (CDMS) 3, 4, 5 . Although such abnormalities are considered important factors that influence the likelihood of developing CDMS, there is currently no clinical test that can conclusively establish whether a patient with a clinically isolated syndrome will eventually develop CDMS.
The lack of diagnostic and prognostic biomarkers is a common problem for many diseases lacking a complete etiology, which is the case for most neurological disorders related to the central nervous system such as Parkinson's and Alzheimer's diseases, schizophrenia and multiple sclerosis. In the particular case of multiple sclerosis, early treatment of patients with a clinically isolated syndrome can prevent brain damage and slow down the disease progression 6 . Therefore, the availability of a diagnostic test in the initial stages of the disease is not only desirable, but of extreme relevance to attenuate the degenerative effects of the disease.
Biomarker validation has traditionally been dominated by enzyme linked immunosorbent assays (ELISA), but recent advances in proteomics techniques have enabled the measurement of a subset of selected proteins over a large dynamic concentration range in multiple samples. Targeted mass spectrometry has thus become the method of choice when quantifying simultaneously a panel of proteins across many different biological samples 7, 8, 9 . In particular, selected reaction monitoring (SRM), is the gold standard targeted mass spectrometry method for protein quantification due to its high precision, reliability and throughput 10, 11, 12, 13 . This targeted mass spectrometry method is performed on triple quadrupole instruments, in which a predefined peptide precursor ion is first isolated, and then selected fragment ions arising from its collisional dissociation are measured over time. Each pair of precursor and fragment ion is called a transition, and multiple transitions can be coordinately measured and used to conclusively identify and quantify a peptide in a clinical complex sample.
In a previous study, we used a screening mass spectrometric approach to discover potential markers for multiple sclerosis conversion in patients that initially presented a clinical isolated syndrome 14 . In that discovery phase, quantitative mass spectrometry with iTRAQ labeling was used to measure protein abundances in pooled CSF samples from patients presenting a clinical isolated syndrome that either remained normal (CIS) or had eventually converted to clinically definite multiple sclerosis (CDMS) (n=60). In the initial screening, several proteins exhibited significant differences in abundance when comparing these two groups of patients. The abundance change in one of the altered proteins, chitinase 3-like 1 (CH3L1), was confirmed by ELISA in CSF of individual patients, whereas for others, such as semaphorin 7A (SEM7A) and ala-ß-hisdipeptidase (CNDP1), their abundance changes were confirmed by targeted mass spectrometry in follow-up studies with independent cohorts 15 . Moreover, the levels of CH3L1 were associated with brain MRI abnormalities and disability progression during the follow-up period, as well as, with shorter time to conversion to clinically definite multiple sclerosis 14 .
We now set out to establish a diagnostic protein classifier with high sensitivity and specificity able to differentiate between patients with a clinically isolated syndrome that have either a high or a low risk of developing clinically definite multiple sclerosis over time. For this purpose, CSF samples from an independent patient cohort from the one used in the discovery study were collected, and a set of pre-selected protein biomarker candidates were systematically quantified by targeted mass spectrometry (SRM) and evaluated for their classification power. Out of this study, we established a protein classifier based on the combination of abundances of proteins chitinase 3-like 1 and alaß-his-dipeptidase, which is able to differentiate with high sensitivity and specificity between patients with a clinically isolated syndrome that have either a high or low risk of developing clinically definite multiple sclerosis. Moreover, the statistical model built around this protein classifier enables clinicians to easily assign to each patient a precise probability of conversion to clinically definite multiple sclerosis ( Figure 1 ).
EXPERIMENTAL PROCEDURES

Patients
A patient cohort consisting of 50 patients with clinical isolated syndrome and 23 individuals with other neurological disorders was used in the present study (Table 1 and Supplementary Table ST1 ). This cohort was independent from that used in our previous discovery study 14 and samples were recruited at the Hospital Ramón y Cajal (Madrid, Spain). Patients with clinically isolated syndrome were classified according to the following criteria: no conversion to CDMS during the follow-up period, negative IgG oligoclonal bands, and 0 Barkhof criteria at a baseline brain MRI (n=25); or conversion to CDMS, presence of IgG oligoclonal bands, and an abnormal brain MRI at baseline (2, 3, or 4 Barkhof criteria) (n=25) 15 . A full description of clinical information and cerebrospinal fluid characteristics of all patients included in the present study is provided in Supplementary Table ST1 . All CSF samples were collected in polystirene sterile tubes, centrifuged at 1600 rpm for 15 minutes at room temperature, aliquoted in 0.5 ml polypropylene tubes and stored at -80ºC until used. No additives were added to the samples. The period between sampling and freezing was always below 2 hours. The study was approved by the local Ethics Committee (PR(AG)28/2007).
Sample Preparation and Mass Spectrometry
For each patient, 150 µL of CSF were used for protein precipitation in cold acetone Supplementary Table ST2 ). SRM data was processed using the Skyline software v1.4.0 (MacLean et al., 2010) and data peaks were evaluated based on retention time, transition intensity rank as compared with MS2 spectral library, and for proteins SEM7A and CDNP1, co-elution between the endogenous and the labeled reference peptide were also considered ( Figure 2 and Supplementary Figure S2 ).
Acquired SRM raw data are publicly available at the PASSEL repository with the accession number PASS00715.
Statistical methods
SRM peak areas were normalized based on the labeled internal peptide standards using the SparseQuant MSstats module 29 . Briefly, the normalization relied on internal stable isotope labeled standard reference peptides for two targeted endogenous proteins, which were used to i) equalize the median reference abundance for the two proteins across all runs, ii) shift all endogenous areas in a run by a same bias, and iii) impute all missing reference areas. Comparisons of relative protein abundance between groups were performed with expanded scope of conclusion for technical replication and with restricted scope of conclusion for biological replication as implemented by software package MSstats 43 .
For predictive analysis, the whole patient cohort was divided into training and validation sets with 3:1 ratio. The software package MSstats 43 
RESULTS
Selection of protein biomarker candidates
The set of proteins selected for our validation study was based on our former studies 14, 15, 16 as well as on previous reports involving certain proteins in multiple sclerosis (Table 1) 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28 . Within this group of studied proteins, protein chitinase 3-like 1 (CH3L1) was included since it was the only protein for which we had previous evidenceof its association with the risk of conversion to clinically definite multiple sclerosis 14 . The inclusion of this protein served not only as a positive control for the differential protein abundances observed, but more importantly, it was also an excellent candidate for an eventual biomarker protein combination.
Whenever possible, and clinically relevant, protein isoforms and natural variants described for the 24 selected proteins were also included in the study, thus making a total of 32 proteoforms. The inclusion of the selected proteoforms in the final SRM assays depended on the detectability of specific peptides by SRM that could unequivocally identify them.
Quantitation of the protein biomarker candidates by SRM
SRM assays were designed for the 24 selected proteins and their isoforms and natural variants based on in-house spectral libraries built from tandem mass spectra. SRM assays corresponding to 1-3 unique peptides per protein (including protein isoforms and variants) were developed ( Supplementary Table ST2 ) and used to consistently identify and quantify the targeted proteins.
CSF from patients with clinically isolated syndrome was collected at the moment of their first relapse. Patients were then enrolled in a follow-up study and eventually divided into two groups depending on their clinical evolution: i) patients that did not develop multiple sclerosis (hereafter referred as CIS, n=25) and ii) patients that developed multiple sclerosis (referred to as CDMS, n=25). Cerebrospinal fluid samples from individuals with other neurological disorders were also included (OND, n=23) ( Table 2 , Supplementary Table ST1 ). All individual samples were digested and analyzed with targeted nLC-SRM for protein quantification analysis. Five isotopically labeled peptides corresponding to proteins SEM7A and CNDP1 were spiked-in in each sample and later used as internal standards for intensity normalization using a sparse quantitation strategy 29 . A total of 28 peptides representing 19 of the pre-selected proteins (23 proteoforms when including isoforms and variants) were consistently detected and quantified across all measured patients (CIS, CDMS and OND) ( Supplementary Table ST3 ). Two samples (patient id 47 (CDMS); and 68 (OND)) were discarded for further analyses due to chromatographic technical issues.
The identification of each peptide was based on the intensity order of transitions between the SRM peaks and the reference spectral library, the relative retention times across runs and, in the case of SEM7A and CNDP1, on the co-elution of endogenous peptide and spiked-in reference references (Figure 2 and Supplementary Figures S2 and   S3 ). Protein relative quantitation was performed among the CIS, CDMS and OND patient groups using SRM and the sparse quantitation strategy 29 , in which the internal standards were used to estimate the sample variability and normalize protein levels across all SRM runs.
Selection and evaluation of protein-based prognostic rule
The aim of the present study was to identify protein combinations able to classify patients with a clinical isolated syndrome at the moment of their first attack into those that will eventually develop clinically defined multiple sclerosis and those that will not convert. Towards this goal, all quantified proteins were challenged to correctly classify our patients with a clinical isolated syndrome into either CIS or CDMS-both individually and in combination-regardless of their exhibited abundance changes. We performed a predictor selection combined with cross-validation to select a combination of proteins with predictive ability, and evaluated their performance using receiver operating characteristic (ROC) curves on a separate set of subjects ( Figure 3 ). More specifically, the whole cohort was randomly divided into two groups: three fourths of the patients were used to train the classification model (training set), and one fourth of the patients were used for validating the protein classifier sensitivity and specificity (validation set). Four-fold cross validation was performed with the training set. Within each fold, the protein classification power of each protein was evaluated by a logistic regression model first. Additional proteins were then added into the best protein classifier in a stepwise manner, and new proteins were added only if they increased the classification power of the protein classifier. Protein combination selected at least twice during the cross-validation process were set as candidate protein combinations. The training set was then used to fit the logistic regression model for candidate protein combination whereas the validation set was used to evaluate its discriminatory performance between CIS and CDMS patients. Finally, to assess the robustness of the selected candidate protein combinations, the whole cross-validation process was repeated 500 times ( Supplementary Table ST5 ). Protein combinations that were more frequently selected in these analyses were selected as the final protein combinations. In particular, protein combination CH3L1+CNDP1 was selected repeatedly above the rest, followed by CH3L1+CLUS and A1AG1+AACT-2 ( Figure 4A ). Figure 6A -C). Consistently with our previous findings 14, 15 , we tested the classification power of the protein combination CH3L1+CNDP1+SEM7A. This protein combination resulted in good specificity and sensitivity values (AUC: 0.86; sensitivity: 0.84; specificity: 0.87), but its classification power was slightly lower than the one exhibited by protein combination CH3L1+CNDP1. A protein abundance correlation study between the selected proteins showed a correlation between SEM7A and CNDP1 (R=0.75), which explains that despite being a good protein combination, SEM7A did not add new information (predictive power), and thus, was not retained into the final protein combination.
Finally, we translated our logistic model into probability maps to assist clinicians in the prognosis evaluation of each patient. Indeed, once the endogenous protein concentration for each protein of the classifier is known, these maps provide clinicians with a precise probability of conversion for each patient (Figure 5D -F).
Protein abundance changes associated with CDMS and CIS patients
Our study was complemented with a significance analysis of the 19 proteins quantified (23 proteoforms) across the same patients by quantitative targeted proteomics to pinpoint proteins that might be involved in the development of the disease. This analysis revealed five proteins that were significantly lower in abundance in CDMS patients than CIS patients-namely CNDP1, A1AG1, KLK6, CLUS and SEM7A,whilst proteins CH3L1 and AACT exhibited significant higher protein levels in CDMS patients than CIS patients (Supplementary Figure S4 and Supplementary Table ST4 ).
Similarly, protein levels in both CDMS and CIS patients were also compared to patients with other neurological disorders (OND), with several proteins showing significant changes in abundance (Supplementary Figure S5 ).
CH3L1 was found to be significantly increased in patients that became CDMS as we had demonstrated in previous studies based on immunochemistry assays 14 . Using an antibody-based technique and an independent cohort from the one used in this study, higher protein levels of CH3L1 have been associated to patient conversion into clinical definite multiple sclerosis. In the present study, other protein abundance changes that were proposed in our previous screening study, such as those for SEM7A, CNDP1 and AACT-proteins for which no antibodies are available-have also been validated using targeted mass spectrometry. Moreover, targeted proteomics allowed us to explore several protein isoforms and natural variants described for the selected proteins. More specifically, we quantified two different isoforms for protein AACT, and both isoforms also showed increased levels in CDMS patients when compared to CIS patients. In contrast, CSF levels of CNDP1, SEM7A, A1AG1, KLK6 and CLUS determined by SRM were significantly decreased in CDMS patients as compared with the CIS patient group (Supplementary Figure S5) . Moreover, levels of A1AG1, KLK6 and CLUS, were also significantly lower in the CIS group as compared to the OND patients group, whereas SEM7A and CNDP1 levels only showed significant differences between the two CIS types of patients, thus suggesting that the latter proteins are specifically related to the onset of multiple sclerosis. CNTN1, KLK6, PGCB and CMGA showed significant differences in abundance in the CSF of patients with clinical isolated syndrome (regardless of their outcome) as compared to controls (Supplementary Figure S5 ). Thus these proteins could differentiate patients with clinically isolated syndrome from patients with other neurological diseases. Although these proteins could be just inflammatory markers, our data confirm observations from previous reports, in which several of these proteins were described to be involved in multiple sclerosis 19, 20, 25, 26, 28, 30, 31, 32 . Out of these proteins, only KLK6 and A1AG1 showed significant differences between CIS and CDMS patients.
DISCUSSION
In the present study, we used a relatively large patient cohort and quantitative targeted proteomics by SRM to establish a diagnostic molecular classifier with high classification power able to differentiate between patients with a clinically isolated syndrome that have either a high or a low risk of developing multiple sclerosis over time.
In order to define a sensitive and specific diagnostic molecular classifier, quantified proteins were tested for their classification power both individually, and in combination among them. We found a synergic effect amongst some of the assessed proteins resulting in an improved multiple sclerosis outcome predictive power. In particular, the CH3L1+CDNP1 combination resulted in the best protein signature in terms of classifying patients with an initial clinical isolated syndrome into high and low risk patients according to their probability to develop clinically definite multiple sclerosis.
CH3L1 is known to play a role in chronic inflammation and tissue injury 33 . We as well as other groups have proposed the potential use of CH3L1 as prognostic for multiple sclerosis based on the elevated levels of this protein in CSF samples of patients based on various proteomics screening studies 14, 34, 35, 36 . More recently, CH3L1 has been proposed as a biomarker of therapeutic response because CSF CH3L1 levels were significantly reduced after 1 year of natalizumab treatment 35 and because the detected association of elevated CSF CH3L1 levels and astrogliosis 37 . In our recent study we could confirm in a large cohort the association of elevated CSF CH3L1 levels with a risk of conversion to clinically definite multiple sclerosis 14 . Nonetheless, our results demonstrate that the classification power of CH3L1 is improved when its CSF levels are measured in combination with those of protein CNDP1. Carnosinase (CNDP1) hydrolyzes carnosine, which has been described to have neuroprotective effects due to its capacity to decrease oxidative stress and inflammation 38, 39 . Although carnosinase activity has been associated with several neurological disorders and its potential use as a CSF biomarker has been proposed 40 , its specific role in multiple sclerosis remains unknown.
Other protein combinations exhibiting high sensitivity and specificity when classifying patients with clinically isolated syndrome were CH3L1+CLUS and A1AG1+AACT-2.
Clusterin (CLUS) regulates complement factors and it is involved in oxidative stress, preventing stress-induced aggregation of secreted proteins, and beyond its CIS/CDMS classification power, this protein might also be involved in multiple sclerosis as supported by results of a recent study 41 . Here we have demonstrated that this protein improves the CIS/CDMS classification power of CH3L1. Finally, protein combination A1AG1+AACT-2 also resulted in an acceptable protein classifier but with less sensitivity and specificity than the best two protein combinations. Nonetheless it is worth noting that the present study has confirmed that both proteins exhibit higher abundances in CDMS patients, as were previously suggested 20, 24, 42 .
Based on our results, we propose a diagnostic test based on the abundance of proteins CH3L1 and CNDP1 in CSF to differentiate between clinically isolated syndrome patients with a high and a low risk of developing multiple sclerosis. More specifically, we have used the abundance of proteins CH3L1 and CNDP1 measured in this study to build a statistical model and generate probability maps to assist clinicians into the prognosis evaluation of each patient.
Conclusions
By using a relatively large patient cohort and quantitative targeted proteomics by selected reaction monitoring (SRM), our study enabled us to establish a diagnostic molecular classifier with high sensitivity and specificity able to differentiate between patients with a clinically isolated syndrome that have a high and a low risk of developing multiple sclerosis over time. Our results are relevant for early treatment of patients affected by multiple sclerosis as currently there is no clinical test that can conclusively establish the prognosis of a patient with a clinically isolated syndrome.
Moreover, this study confirms the relevance of target mass spectrometry as an efficient technique for biomarker validation and for the establishment of new molecular classifiers with high sensitivity and specificity. Indeed, the capacity of targeted proteomics to quantify multiple proteins in large patient cohorts, together with a solid statistical approach, enables the assessment of a myriad of protein combinations that might exhibit a synergistic effect and, thus, the selection of a particular protein combination with a highly improved predictive power over single analyte evaluation. Table 1 : Proteins and their peptide sequences monitored by SRM 14  01  13  15  16  17  18  19  12  11  20  04  03  05  06  07  08  09  02  10  24  23  25  26  27  28  29  22  21  30  34  33  35  36  37  38  39  32  31  40  44  43  45  46  48  49  50  42  41  54  53  55  56  57  58  59  52  51  60  64  63  65  66  67  69  70  62  61  71  73  72   14  01  13  15  16  17  18  19  12  11  20  04  03  05  06  07  08  09  02  10  24  23  25  26  27  28  29  22  21  30  34  33  35  36  37  38  39  32  31  40  44  43 45 46 48 49
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Figure 3
Figure 4: A) Frequency plot representing the times that a protein combination was selected as the best classifier between CIS and CDMS patients by our statistical analysis procedure over 500 iterations. B-D) Classification analysis of the three best protein classifiers between CIS and CDMS patients by a receiver operating characteristic analysis (CH3L1+CNDP1; CH3L1+CLUS; A1AG1+AACT-2). Black solid line is the ROC curve for logistic model with three best protein combinations between CIS and CDMS patients in whole patient cohort. Grey area is the area between 25 and 75 percentile sensitivity for certain specificity among 500 iterated validation performance, which were calculated with the model with selected protein classifier in each iteration. 
